Introduction
Biological factors (life history, demography) and environmental factors (oceanic hydrology, environmental stress and fishing) shape the genetic structure of marine fish populations. Recent genetic studies have demonstrated that population subdivision in marine fishes can be observed at limited geographical scales, ranging from tens to a few hundred kilometers (e.g. Nielsen et al. 2004 , Olsen et al. 2008 , despite the potential for extensive gene flow between populations in marine ecosystems. Furthermore, the adaptive significance of population structure in marine fishes is becoming evident, based on the divergence of phenotypic traits (Hutchings et al. 2007 , Larsen et al. 2007 ). Efforts to manage and conserve coastal fish species are urgently needed because this resource is particularly subject to (1) increasing impacts of global climate change (Harley et al. 2006) and (2) possible anthropogenic stressors at local scales; thus, the scientific community must better understand how some populations can maintain their resilience in the face of environmental degradation (Sgro et al. 2011) .
Estuarine fishes displaying a wide geographical distribution and the ability to cope with contrasting environments are excellent candidates to explore evolution in populations particularly subjected to warming, chemical stress and hypoxia. In this study, we explored the genetic structure of a typical catadromous flatfish, the European flounder Platichthys flesus (Linnaeus, 1758) , which spawns at sea from January to March in western Europe and has a pelagic larval life of 1 mo and a juvenile life of approximately 2 yr in estuaries. Homing behaviour was detected for the flounder in the Tamar estuary (England), where most adults return to their original estuarine range after spawning (Dando 2011) . Finally, the European flounder is closely linked to naturally fragmented estuarine systems, allowing environmental conditions to produce noticeable phenotypic differences and possibly local adaptations.
The flounder is widely distributed in Europe from Norway to Portugal, where its abundance has decreased since the early 1990s, particularly in the Tejo estuary (Portugal).
This rarefaction in Portuguese waters was associated with an increase in water temperature caused by climate change (Cabral et al. 2007) , and at the moment, the distribution of Platichthys flesus in Portugal is limited to the north and central coast. In a northern region, the Bay of Biscay, the negative impact of warming on abundance and occurrence of boreal flatfish species was also clearly detected from 1987 to 2006; indeed, the abundance of northern temperate species, like P. flesus, decreased in this region and was negatively correlated with temperatures in their year of birth (Hermant et al. 2010) .
Several investigations on the genetic structure of the European flounder have been conducted over the western and northern European coasts, from Finland to Portugal.
Regarding allozymes, Borsa et al. (1997) observed (1) a significant but reduced geographic differentiation and (2) a weak pattern of isolation by distance, from the south-western Baltic Sea to southern Portugal. On the other hand, no clear indication of mtDNA differentiation was detected in that study. Using microsatellites on an extensive data set of flounder populations (from Finland to the Bay of Biscay, including western and eastern Baltic), Hemmer-Hansen et al. (2007a) detected a reduced allelic diversity in the extreme parts of the distribution area, and a higher genetic structure than Borsa et al. (1997) ; they identified several barriers restricting gene flow between Trondheim and Lake Pulmanki, and between Trondheim and the North Sea, and several relatively isolated populations (Faroe Islands, eastern Baltic). In the previous study (Hemmer-Hansen et al., 2007a) , the geographical distance was significantly associated with genetic divergence among the subset of samples, excluding the more isolated populations; the authors suggested a potential association between latitude and genetic structuring among the populations in the Atlantic, with the temperature gradient along latitudinal clines being the probable cause for generating such genetic structure.
Other population genetics investigations on the European flounder suggested that selective pressure due to contamination of estuaries could induce adaptive responses of the populations.
Hence, Marchand et al. (2003 Marchand et al. ( , 2004 Marchand et al. ( , 2010 emphasised an increase in the frequency of particular alleles or genotypes displaying a better capacity to cope with chemical stress, but these authors also demonstrated a physiological cost of tolerance to toxicants. In 2 other studies on Platichthys flesus, Hemmer-Hansen et al. (2007b) and Larsen et al. (2007) confirmed the great capacity of this species to adapt to contrasting environments. These last 2 studies highlighted the genetic basis of the adaptation of flounder to the particular environment of the Baltic Sea compared to the North Sea (reduced salinity, more or less chronic hypoxia, highly variable temperature), by analysing the polymorphism of 1 candidate gene (Hsc70) and using microarray analysis.
In the present study, we analysed the genetic structure of Platichthys flesus in environmentally contrasting estuaries located along a latitudinal cline from England to Portugal (i.e. the southern limit of the distribution area of this northern temperate species).
Five estuaries were chosen because of the levels of contaminants, the possibility of hypoxia and the latitudinal cline. Our main objective was to explore the genetic structure of European flounder populations faced with climate change and anthropogenic stressors, using 3 kinds of genetic markers:
(1) A mitochondrial marker, cytochrome c oxidase subunit 1 (CO1), considered to be selectively neutral: the relative haplotype frequencies of CO1 in different populations were used to infer historical relationships between populations; the mtDNA markers have been successfully applied in phylogeographic studies (Avise 1994), although it is evident that selective pressure can act on them (Ballard & Melvin 2010);
(2) 8 microsatellites, considered to be selectively neutral: these can be useful markers for phylogeographic studies, but their high variability allowed us to explore the recent evolutionary history of populations and to look for possible genetic structure considering regional spatial scales; (3) Finally, we explored the polymorphism of a new candidate gene, the AMP-deaminase isoform 1 (AMPD1: aminohydrolase, adenosine 5'-monophosphate deaminase, isoform 1, EC 3.5.4.6) involved in the energetic metabolism and particularly in the stabilization of the adenylate energy charge (Chapman & Atkinson 1973 , Yoshino & Muramaki 1981 and in the control of the purine nucleotide cycle (Lowenstein 1972) . AMPD1 variability was analysed in the flounder populations; our hypothesis was that possible selective pressure induced by environmental stress could affect this gene.
Materials and methods

Field collection
Juvenile Platichthys flesus (average estimated age = 9 mo, average total length = 10 cm) were trawled from September to November 2009 in 5 European estuaries located along a latitudinal cline: the Tamar (England), the Canche, Seine and Vilaine (France) and the Mondego (Portugal; Fig. 1 , Table 1 ). Approximately 50 fish were collected in each estuary (Table 1) , and during the dissection in the field, 1 fin fragment was collected from each fish and stored in 95% ethanol.
All 5 estuaries presented a latitudinal gradient of temperature and different contaminant loads. The Tamar River (basin area = 10,000 km 2 ) is impacted by a high metal contamination linked to ancient mining activities (Pulsford et al. 1992) . The Canche (basin area = 1,274 km 2 )
is a small estuary characterized by little urban development and no industrialization (Amara et al. 2007 ), so it is considered as a reference site. The Seine estuary (basin area = 78,650 km 2 )
is affected by heavy chemical stress linked to high population density, numerous industrial activities and intensive agriculture across the drainage area (Gilliers 2004 , Cachot et al. 2006 ).
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The Vilaine catchment (area = 10,500 km 2 ) is mainly subjected to impacts from agricultural activities and thus to pesticide contamination (Forget 1998 , SAGE Vilaine 1999 . Moreover, a dam is located 12 km upstream from the mouth of the Vilaine estuary which stops the inflow of saline waters into the system; in summer months, this situation can lead to stratification of the water mass in the estuary and eutrophication, and thus to severe hypoxic crisis (Menesguen et al. 2001) . The Mondego catchment (area = 6,670 km 2 ) shows a generally reduced eutrophication level, and is subject to moderate levels of toxics linked to agriculture, aquaculture and industrial activities (França et al. 2011) .
mtDNA CO1 and AMPD1 variability
Genomic DNA was extracted from fin clips using AcroPrep ™ 96-well filter plates (1 ml) with 1 µm glass fibre media (PALL® 5051), following the protocol of Ivanova et al. (2006) .
Choice of markers
A fragment of the mitochondrial CO1 gene was amplified by real time PCR (qPCR) using the primers Fish-F2 and Fish-R2 (Table 2) described by Ward et al. (2005) . These primers amplified a 689 bp region of the CO1 gene. At the same time, a qPCR amplification of a 160 bp region of the AMPD gene (accession number in GenBank: AY660016) previously described (Thebault et al. 2010 ) was performed using Platichthys flesus-specific primers, PfAMPD1_F and PfAMPD1_R, designed by Primer Express software ( curves. Prior to obtaining HRM curves, the PCR products were incubated at 95°C for 1 min, followed by a hybridization step of 40°C for 1 min. Melting curves were then generated by ramping from 65 to 95°C at 0.02°C s -1 , taking 25 acquisitions per each degree centigrade.
HRM curves were plotted using the automated grouping option in the LightCycler 480 v.
1.5.0 software. This protocol detects 100% of heterozygous and 75% of homozygous variants.
Homozygous variants were detected a second time at 100% by adding wild-type reference DNA in the tube as described previously (Meistertzheim et al. 2012 ).
Identification of variants
The Gene Scanning module of the LightCycler 480 v. 1.5.0 software was designed to improve the discrimination ability between variants. For this purpose, melting curve data were manually adjusted and fluorescence-normalized conditions were established (Meistertzheim et al. 2012 
Microsatellite variability
First, 30 previously published Platichthys flesus microsatellites were tested (Dixon 2003 , Casas et al. 2005 , Tysklind et al. 2009 ). PCRs were conducted on a GeneAmp PCR system 9700 (Applied Biosystems ™ ) and optimized for each locus on 8 randomly selected samples using specific published primers (forward primers were modified with the addition of a universal tail at the 5' end) and fluorescent dye-labelled universal primers (Schuelke 2000 , Chang et al. 2004 . PCR products were analysed on 1.5% agarose gels stained with ethidium our Table 2 ).
To proceed with the routine PCRs and fragment analyses, the 8 forward primers were labelled ( Table 2) . PCR reactions were performed in a total reaction volume of 10 l, using were performed as simplex, and PCR products were diluted at 1/200. Three multiplex fragment analyses were performed using 1 µl of each of 3 diluted PCR products pooled together (Table 2 ) into 10 µl of formamide (Applied Biosystems™) and 0.2 l of a 50 to 500 bp size standard (GeneScan™-500 LIZ™) in order to score microsatellite alleles on the Genetic Analyzer. Microsatellite alleles were scored using GeneMapper® Software v. 4.0 (Applied Biosystems™).
Data analysis
Cytochrome c oxydase subunit 1 CO1 sequences of 639 bp were reconstructed using both direction sequences and aligned with the alignment function of GENEIOUS Pro 5.3.4 (Biomatters™). Haplotype (h) and nucleotide () diversity values were calculated for each location using ARLEQUIN v. 3.5.1.2 (Excoffier & Lischer 2010). The most relevant substitution model was tested with jModelTest v.0.1.1 (Posada 2008) . Among the models proposed by ARLEQUIN, the best model was either that of Tamura & Nei (1993) according to Akaike's information criterion corrected for small sample sizes (AICc) or the Kimura 2-parameter model with the criterion BIC. Both models provided equivalent results, so only Tamura-Nei genetic distances were used in the presented analyses to estimate the nucleotide diversity.
The genetic structure of Platichthys flesus was investigated along the western European coast, from England to Portugal. Relationships among haplotypes were analysed in a parsimony network estimated with TCS v.1.12 (Clement et al. 2000) using the statistical parsimony procedure (Templeton et al. 1992 , Crandall et al. 1994 ). Fisher's exact tests of population differentiation (F ST ) based on haplotype frequencies (Raymond & Rousset 1995 , Duran et al. 2004 were performed in ARLEQUIN to test the null hypothesis of random haplotype distribution among sampling locations. The significance of individual tests was tested by comparison with simulated distribution constructed from 10,000 random permutations of the original data matrix. ARLEQUIN was also used to calculate the pairwise genetic distances ( ST ) according to the model of Tamura & Nei (1993) . The significance of the genetic distances was tested by 10,000 random permutations of the original data matrix.
Corrections for multiple simultaneous tests were performed by calculating the q-value (using the R package QVALUE) of each test, which measures the minimum false discovery rate (FDR) that is incurred when calling that test significant (Storey 2002).
We performed a multidimensional scaling (MDS) analysis using the function Classical permutations to guarantee having less than 1% difference with exact probability in 99% of cases (Guo & Tompson 1992 , Duran et al. 2004 ). In addition, to verify isolation by distance we tested the correlation between linearised pairwise distances and geographic distances between locations (measured as the shortest distance between 2 locations along the coastline) with a Mantel test (Mantel 1967) implemented in ARLEQUIN, and significance was tested by 10,000 permutations.
Microsatellites
Allele frequencies and the observed and expected heterozygosity values were calculated in GENETIX v. 4.04 (Belkhir et al. 1996 (Belkhir et al. -2004 . To assess whether any indications for group structure could be observed, we performed an MDS analysis on the linearised pairwise genetic distances (Gower 1966) .
AMP deaminase
Full sequences of the fragment of AMPD1 exon 1 were reconstructed using both direction sequences and then aligned with GENEIOUS Pro 5. et al. 1996-2004) . The significance of the genetic distances was tested by 10,000
permutations of individuals between populations. Isolation by distance was tested with the Mantel test, as described for the microsatellite data.
Results
CO1
Genetic diversity within populations
We obtained 639 bp sequences of CO1 corresponding to 21 groups identified by HRM analysis stemming from the 5 populations (Tamar, Canche, Seine, Vilaine, Mondego). Among the 21 individuals, we found a total of 4 haplotypes (CO1-Pf01, CO1-Pf02, CO1-Pf03, CO1-Pf04), indicating a small degree of polymorphism. The sequences have been deposited in the GenBank Data Base (accession numbers JN859191, JN859192, JN859193, JN859194).We found a total of 3 polymorphic sites, but all mutations resulted in synonymous substitutions (Fig. 2) . The statistical parsimony procedure produced a 'star-like' network; the most frequent haplotype was located in the central position of the network and was surrounded by lowfrequency haplotypes displaying a divergence of 1 mutation. Two common haplotypes were found in each location, and 1 private haplotype was found in Vilaine (Fig. 3) .
Numbers of analysed individuals (n), haplotypes (N h ) and polymorphic sites (N p ), and haplotype diversity (h) and nucleotide diversity () values per location are given in Table 3 .
The haplotype diversity appeared moderate and did not display a latitudinal pattern over the data set, ranging from 0.375 to 0.508, whereas the nucleotide diversity was globally low, but higher in the northern populations (Tamar and Canche:  = 0.0008) compared to the other populations ( = 0.0006).
Genetic structure
The pairwise genetic comparisons (F ST ) revealed limited differentiation (Table 4) involving several pairs of populations (Tamar/Canche; Tamar/Vilaine; Vilaine/Mondego); however, these differentiations were non-significant. A pair of populations (Tamar/Seine) showed a significant differentiation confirmed by the exact tests based on p-values; this trend was not confirmed after the correction for multiple tests (Table 4) .
The MDS analysis stressed the relative isolation of the Tamar population from the other populations (Fig. 4) . The analysis of the distribution of the genetic variability between the Tamar and the group of 4 other populations, performed with an AMOVA, explained 2.95% of the total genetic variance in Platichthys flesus (F CT = 0.029, p = 0.24), confirming the reduced genetic structure over the data set.
The Mantel test revealed a lack of correlation between geographic distances and pairwise Slatkin's linearised F ST values (r = -0.48, p = 0.84).
Microsatellites
Genetic diversity within populations
The microsatellite variability of Platichthys flesus appeared to be heterogeneous, with the total number of alleles per locus ranging from 7 (PFSCU3) to 35 (STPFL001) and the mean observed heterozygosity per locus varying between 0.384 (PFSCU3) and 0.765 (STPFL004) ( Table 5 ). For each locus, the genetic diversity observed within samples was of the same magnitude over the whole data set.
Of the 8 microsatellites screened, 5 (STPFL001, PFSCU3, PFSCU4, STPFL025 and PFSCU7) exhibited substantial departures from HWE for 1 or 2 locations (Table 5 ). The mean allelic richness appeared higher in the northern estuaries Tamar and Canche (8.87 < r < 9.12) relative to the other populations (7.5 < r < 8.3). The mean observed heterozygosity (H o ) was similar in the 5 estuaries (0.62 < H o < 0.67). The multilocus statistics (Table 5 ) detected no significant deviation from HWE, regardless of the considered estuary (multilocus F IS = 0).
The software MICRO-CHECKER did not detect a significant departure from HWE linked to null alleles.
Genetic structure
The estimation of F ST showed a significant multilocus differentiation over the entire data set ( = 0.010, p < 0.05), confirmed by the multi-locus exact test of genetic differentiation (p = 0.010; Table 6 ). The loci STPFL001, PFSCU3, PFSCU 4, PFSCU7, PFSCU 1 and STPFL004 displayed a significant global genetic differentiation between the populations, confirmed after the correction for multiple tests (Table 6 ).
Pairwise estimations of F ST showed a significant differentiation mainly between Mondego and the other estuaries, and between Vilaine and Canche (Table 7) . Over the 10 pairs of populations considered, 8 pairs displayed a significant genetic differentiation, confirmed after the correction for multiple tests.
The MDS analysis confirmed the isolation of Mondego from a group of northern estuaries and stressed the particular genetic status of the Seine within this group (Fig. 5) . Finally, the Mantel test highlighted a significant correlation between geographical distances and linearised  (Z = 688.695; p = 0.04), suggesting an isolation by distance of flounder populations throughout the coastal European waters.
AMPD1
Allele sequencing
First, 25 HRM variants were detected among the whole data set. After sequencing of the previous 25 HRM variants, we obtained 5 real genetic variants (AMPD1-Pf01; AMPD1-Pf02;
AMPD1-Pf03; AMPD1-Pf04; AMPD1-Pf05, Appendix 1). We detected 2 polymorphic sites in positions 33 and 96 in the 160 bp sequences (5'3'). Mutations were all identified as synonymous, except for allele 1 detected in locus 96, which displayed a polymorphism resulting in a modification of the corresponding amino acid (Fig. 6 ).
Genetic diversity within populations
Regardless of the locus considered, 2 alleles were detected per locus and per location (Table 8) (Table 8 ). An exact test for gametic disequilibrium was performed and showed a link between the 2 loci (p = 0.03), located on the same exon and separated by 63 bp.
Genetic structure
Weir & Cockerham's  showed a significant global multi-locus genetic differentiation over the entire data set ( = 0.021, p < 0.05), confirmed by the exact test of genetic differentiation (p = 0.018; Table 9 ). Considered individually, locus 96 showed a significant global  value of 0.033 confirmed by the exact test (p = 0.004) which remained significant after q value correction. On the other hand, no significant differentiation over the whole data set was detected for locus 33 ( Table 9 ).
The following analyses of genetic differentiation were carried out considering only locus 96, because this explained the whole differentiation between populations. Pairwise Weir &
Cockerham's  underlined some significant genetic structure (Table 10) , with the Seine estuary being significantly differentiated from the Canche, Vilaine and Mondego estuaries.
The previous pattern was confirmed by the exact pairwise test of genetic differentiation and remained significant after q-value correction (Table 10 ). The MDS analysis confirmed the particular genetic status of the Seine compared to a group of estuaries composed of the Vilaine, Canche and Mondego; the Tamar estuary was located between the Seine and the previous group (Fig. 7) . The Mantel test did not show any correlation with geographical distances (Z = 30806.543, p > 0.05).
Discussion
Phylogeography of Platichthys flesus
The mtDNA loci are generally considered appropriate markers for inferring historical processes, thus allowing researchers to explore the phylogeography of numerous marine species widely distributed along the European coasts (Gysels et al. 2004 , Roman & Palumbi 2004 , Larmuseau et al. 2010 . In this study on Platichthys flesus, the analysis of mtDNA sequences identified from England to Portugal revealed (1) moderate haplotype diversity and reduced nucleotide diversity over the whole data set, and (2) 'star-like'-haplotype networks.
This shallow population genetic architecture has classically been observed for numerous fish species with respect to mtDNA markers, and is probably linked to catastrophic reductions in population size or local extinctions during the Pleistocene glaciation, followed by a postglacial range expansion (Grant & Waples 2000) .
Furthermore, in this study, (1) In the phylogeography of European marine fishes, it is commonly accepted that the British and Irish ice sheet extended to around 52° N at the time of the last glacial maximum (LGM:
22,000 yr BP), and that possible refugia were located in the southern North Sea and alongside unglaciated regions of the southern British Isles (Finnegan 2009). We suggest that the southern British Isles were major refugia for flounder during the LGM and thus could explain the higher genetic variability detected in the Tamar and Canche in terms of mtDNA and microsatellites. During the deglaciation period, the colonization of new habitats towards the north and south could be associated with founder events, and thus could have led to reduced genetic variability.
Genetic structure of Platichthys flesus populations
The microsatellites used in this study are generally considered as neutral markers subjected to high mutation rates, and thus are more appropriate than mtDNA for investigating recent events which contributed particularly to the genetic divergence of populations during the postglacial period (Grant & Waples 2000) .
In the present study, a low number of significant deficits of heterozygotes was observed for particular microsatellite loci. The problem of a heterozygote deficit for microsatellite loci is Although factors such as inbreeding, the Wahlund effect, homoplasy or selection can explain deficits, they are frequently linked to an artifact of the PCR amplification process, i.e. to the presence of null alleles. The software MICRO-CHECKER was tested on the flounder data set and did not detect a significant departure from HWE linked to null alleles. Furthermore, in this study, the flounder populations were considered to be at HWE, thus reflecting the equilibrium between migration versus drift, classically observed for neutral markers.
The genetic variability (multilocus allelic richness and heterozygosity) was identical in the southern flounder populations of the data set (Seine, Vilaine, Mondego). Thus, genetic variability of the population was apparently maintained at the southern limit of the furthermore, the abundance of flounder has decreased to extremely rare since the early 1990s in the Tagus, and its distribution in Portugal is now limited to the north and central coasts (Cabral et al. 2001 (Cabral et al. , 2007 . The Mondego estuary is located 150 km north of the Tagus and, at the moment, probably harbours one of the most southern functional flounder populations in Europe.
In a review on the clinal patterns of genetic variation across species ranges, Hardie & Hutchings (2010) showed that most studies are consistent with the general perception that peripheral populations are less genetically variable than those inhabiting central areas; this decrease is particularly associated with stochastic processes (founder effects, genetic drift, isolation and/or low gene flow) which occur in marine and freshwater environments.
We suggest that the current maintenance of the genetic diversity of flounder in the Contrasting levels of heterozygosity were detected for locus 96 in the whole data set; heterozygosity varied from 0.60 to 0.31, with the following classification: Seine > Tamar > Mondego > Vilaine > Canche. We observed that the first 4 estuaries displayed an excess of heterozygotes, whereas the Canche was at HWE. The previous ranking of the estuaries could be linked to a decreasing gradient of contamination. The Seine experiences diffuse contamination similar to that reported in heavily polluted estuaries of North America (Munschy et al. 1997) , and the Tamar displays high metal contamination linked to ancient mining activities (Pulsford et al. 1992) . The Mondego and the Vilaine estuaries show moderate levels of organic chemicals (polychlorinated biphenyls and polycyclic aromatic hydrocarbons), and seasonal high level of pesticides as a result of intensive agriculture (Evrard et al. 2010 , França et al. 2011 . The Canche estuary is considered to be a pristine system, characterized by low levels of organic and metal pollutants (Amara et al. 2007 ). We suggest that this increasing heterozygosity for locus 96 in the flounder populations, following the contamination gradient, could be the result of selective pressure induced by the contaminants on this locus or on a linked locus. Contrasting levels of heterozygosity were also detected in flounder populations for locus 33 (0.12 < Ho < 0.25), although we are unable to formulate a hypothesis on the observed population ranking: Vilaine > Canche > Seine > Mondego > Tamar.
A significant multilocus level of genetic differentiation was detected in the whole data set.
A significant linkage disequilibrium was observed between the 2 loci, and thus we analysed the genetic structure linked to locus 96 which mainly contributed to the genetic structure; the differentiation linked to locus 33 was not significant. Finally, over the whole data set, we observed discordant patterns of variation considering the candidate gene, the AMPD1 locus 96 and the neutral markers (microsatellites). These results could indicate that selective forces have shaped the genetic population structure by given the polymorphism of the AMPD1, the genetic structure explained by the microsatellites being suggestive of stochastic forces (founder effects, migration and genetic drift). In fact, we suggest that the genetic differentiation of AMPD1 locus 96 potentially reflects the existence of cocktails of pollutants acting as selective agents in chronically contaminated populations in estuaries; we propose the hypothesis of a possible 'resistant character' associated with the heterozygosity of this locus in contaminated systems. The polymorphism observed at locus 96
showed different mutations, with 1 mutation leading to an amino acid change; we suggest that the selective pressure could act directly on this locus or indirectly through the hitch-hiking phenomenon.
This study confirms previous work showing that selective pressure of contrasting environments (variable levels of contaminants, reduced salinities, more or less chronic hypoxia, highly variable temperature) could potentially induce adaptive responses of the flounder populations (Marchand et al. 2004 , Hemmer-Hansen et al. 2007b ). However, the hypothesis of selective pressure induced by the contaminants and acting on locus AMPD1
should be confirmed in the near future, considering genotype-phenotype couplings in the field; such explorations were conducted in the past on flounder populations where differential tolerances to chemical stress were detected among genotypes (Marchand et al. 2004) .
Perspectives
This study incorporating a phylogeographical framework and a population genetics approach based on neutral markers and a candidate gene confirms that the European flounder is probably an excellent candidate species to explore the adaptive responses of fish populations facing climate change and anthropogenic stressors in southern Europe.
Genetic monitoring of southern fish populations directly subjected to global warming must be conducted on a finer regional scale (Schwartz et al. 2007 ) and should explore how connectivity between populations could be altered by changes in ocean temperature (Kelly & Eernisse 2007 , O'Connor et al. 2007 .
If the neutral genetic diversity appears not to be reduced at the moment in the southern flounder populations, surveys must be developed to monitor population abundance and contemporary effective population size for early detection of population declines in this area (Waples & Do 2010 , Antao et al. 2011 ).
The analysis of the variability of several traits (e.g. gene expression, physiological responses and life history traits) across environmental clines should yield important information; in particular, common garden experiments can help to distinguish genetic responses (potentially adaptive) from environmental effects and phenotype plasticity (Larsen et al. 2007 , Hardie & Hutchings 2010 . Thus, we are currently conducting a common garden experiment on flounder to explore the possibility that peripheral populations compared to core populations may be differentially adapted for survival in harsh environments.
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